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We consider two types ofmagnetic Josephson junctions (JJ). They are formed by two singlet superconduc-
tors S and magnetic layers between them so that the JJ is a heterostructure of the Sm/n/Sm type, where Sm
includes two magnetic layers with non-collinear magnetization vectors. One layer is represented by a weak
ferromagnet and another one—the spin filter—is either conducting strong ferromagnet (nematic or N-type
JJ) or magnetic tunnel barrier with spin-dependent transparency (magnetic or M-type JJ). Due to spin filter-
ing only fully polarized triplet component penetrates the normal nwire andprovides the Josephson coupling
between the superconductorsS. Althoughboth filters let to pass triplet Cooper pairswith total spin S parallel
to the filter axes, the behavior of nematic and magnetic JJs is completely different. Whereas in the nematic
case the charge and spin currents, IQ and Isp, do not depend on mutual orientation of the filter axes, both
currents vanish in magnetic JJ in case of antiparallel filter axes, and change sign under reversing the fil-
ter direction. The obtained expressions for IQ and Isp show clearly a duality between the superconducting
phaseϕ and the angle α between the exchange fields in the weak magnetic layers.
PACS numbers: 74.78.Fk, 85.25.Cp, 85.75.-d, 74.45.+c
Triplet Cooper pairing is known to exist in superfluid
3He [1, 2]. As concerns superconductors, the situation is less
clear. Although some indication for the triplet supercon-
ductors has been found in a number of completely different
classes of materials [3–5], a general consensus about the ex-
istence of the triplet superconductivity in the organic met-
als, heavy fermions and other interesting materials investi-
gated from this point of view has not been achieved [6, 7].
In principle, the fact that the spins of the fermions of the
Cooper pairs are equal to each other does not contradict the
Pauli principle because the condensate wave function f (p)
and the order parameter ∆tr(p) in these triplet supercon-
ductors are odd functions of the momentum p. In contrast
to the conventional BCS superconductivity, the triplet su-
perconductivity with such a symmetry of the order parame-
ter is sensitive to impurity scattering [8] and, therefore, it is
usually strongly suppressed by disorder.
However, the triplet Cooper pairs can appear already in
conventional singlet superconductors provided an exter-
nal magnetic (H) or an internal exchange (h) field acts on
the spins of electrons.[8–11] A triplet component inevitably
arises also in magnetic superconductors [12].
The triplet condensate function arising from the sin-
glet superconductivity in the presence of the magnetic or
exchange field acting on spins is odd in frequency and
therefore may still have an s-wave space symmetry with-
out violating the Pauli principle. It has a component
with the 0-spin projection ftr,0∝〈cˆ↑cˆ↓(t)+ cˆ↓cˆ↑(t)〉 on the
direction of the field h or H but also the components
with spin projection ±1. The zero projection compo-
nent ftr,0 of the condensate function is as sensitive to the ex-
change or magnetic field as the singlet condensate function
fs∝〈cˆ↑cˆ↓(t)− cˆ↓cˆ↑(t)〉. It is this type of the triplet pairing
that arises in the case of uniformmagneticH or exchange h
field, and has been considered in many works (see, e.g., [8–
10, 12]). When the zero projection triplet condensate is cre-
ated at a superconductor-ferromagnet (SF) interface, it pen-
etrates the latter over a rather short scale ξh ∝ 1/
p
h (diffu-
sive case), see reviews Refs. 13–15.
In contrast to the zero projection condensate, the odd
frequency triplet pairing with ±1 components that are pro-
portional to ftr,+1∝〈c↑c↑(t)〉 or ftr,−1∝〈c↓c↓(t)〉 is rather
insensitive to the exchange field and can penetrate a fer-
romagnet over long distances like the conventional sin-
glet condensate penetrates the normal metal. As has been
shown theoretically in Ref. [16] this triplet component arises
in the case of a nonuniform h and penetrates the ferromag-
net F over a rather long distance. [A little later, a similar idea
about the LRTC was considered qualitatively in Ref. [17].
Contrary to the diffusive case analyzed in Ref. [16] (the
mean free path l is shorter than ξh) the authors of Ref. [17]
assumed that the length of the magnetic inhomogeneity is
shorter than l . They attempted to estimate the amplitude
of the LRTC. A microscopic theory of the LRTC for this qua-
siballistic case has been presented in Ref. [18].] Since the
discovery of the long range triplet odd frequency compo-
nents ftr,±1, the idea of the penetration of superconductivity
through strong ferromagnets has been discussed in numer-
ous publications (see Refs. 19–24, the reviews Refs. 13–15 as
well as the recent works Refs. 25–29 and references therein).
The theoretical research has been followed by experimental
confirmation of the existence of the long range triplet su-
perconductivity [30–39].
Note that the triplet component that arises in magnetic
superconductors with a spiral h(r) [12, 40] has zero projec-
tion of the total spin of triplet Cooper pairs S on h(r). Only
near the surface of the sample, the triplet component with a
nonzero projection of S on h(r) appears; it decays exponen-
tially away from the surface [41].
Due to an ability of changing the exchange field direction
2FIG. 1. Schematic representation of the system under considera-
tion and classification of the triplet component relative to the ori-
entation of the filters in corresponding JJs, i.e., case (a) for “ferro-
magnetic” (M) type, and case (b) for “nematic” (N) type as follows
from the expressions for the Josephson charge and spin currents,
Eqs. 7–10 (see text).
of the ferromagnets one can filter the spin polarization of
the triplet Cooper pairs [32, 34] and one may even speak of
“Superconducting spintronics” [42]. The possibility of real
applications is enforced by the fact that the wave function
of odd triplet superconductivity has the s-wave symmetry
and, therefore, this triplet superconductivity is not sensitive
to non-magnetic disorder. In this situation, it is very impor-
tant to understand what kind ofmagnetic filters can be built
in order to filter the spin polarization of the currents.
In this Paper, we demonstrate that two types of filtering
are possible: ferromagnetic and nematic. A ferromagnetic
filter enables one to achieve the full spin polarization, such
that the current has only one allowed direction of spin. In
contrast, the nematic filter allows to pass the current with
spin polarizations both parallel and antiparallel to a certain
axis.
Naively, the reason why the triplet pairs in the presence
of the exchange field are not destroyed by the Zeeman in-
teraction, is the fact that the total spin of the pair is ori-
ented along the field and is not affected by the latter. In
principle, this is really the case for a very strong exchange
field h when the exchange energy µBh is comparable to the
Fermi energy εF. However, in moderate exchange fields h,
such thatµBh is considerably smaller than εF , the supercon-
ducting pairing is weakly sensitive to the exchange field not
only when the total spin of the Cooper pair is parallel but
also when it is antiparallel to the latter [13, 16]. It is natural
to classify the corresponding filterings as ferromagnetic (M)
and nematic (N).
We investigate the differencebetween the two types of the
filtering consideringM- and N-Josephson junctions (JJ). We
show that, although many effects are similar in these junc-
tions, drastically different phenomena are also possible. For
example, fully polarized triplet Cooper pairs appear in the
normal metal (n) inside theM-type of JJs (ferromagnetic or-
der), while there are triplet pairswith spinup and spindown
in the normal metal in the N-type of JJs (nematic order).
We consider two types of symmetric “magnetic” Joseph-
son junctions: a) Sm/Fl/n/Fl
′/S′m and b) Sm/Fs/n/F
′
s/S
′
m.
Both types of JJs are shown in the upper parts of the cor-
responding Figs. 1 (a) and 1 (b). The M-type JJ consists
of a normal wire or film which connects two Sm and S
′
m
reservoirs, representing superconductors with exchange
fieldshR,L defining the (x, y) plane. The superconductors Sm
may be realized in the form of a superconductor/weak fer-
romagnet bilayer, S/Fw, with an effective exchange field
h=hFdF/(dF+dS), where hF is an exchange field in Fw
and dF,S are the thicknesses of the Fw and S films, respec-
tively [43]. The n wire is separated from Sm by a tunnel
spin-active barrier Fl (filter) with a spin-dependent trans-
parency. Such kinds of magnetic insulators have been al-
ready used in experiments, e.g., on ultrathin EuO films [44].
Penetration of Cooper pairs through Fl is taken into account
via boundary conditions. We consider the case when the fil-
ter Fl passes electrons with only one spin direction collinear
with the z axis definedby the vector product of the exchange
field vectors in the Sm superconductors, i.e., z∝hR×hL; in
other words, the filter axis is perpendicular to hR,L. This
means that some triplet Cooper pairs that arise in Sm have
a nonzero projection of the total spin S onto the z axis and,
therefore, can penetrate through the filters.
The N-type JJ is similar to the M-type, but the spin-active
barriers are replaced by strong diffusive ferromagnetic lay-
ers with magnetization Ms, so that only triplet component
with spins collinear with the z axis can penetrate the n wire.
We employ the well developed method of quasiclassical
Green’s functions that can be used in problemswhere quan-
tum effects on the scale of Fermi wave length are unimpor-
tant [45–48]. In the considered case, when not only singlet,
but also short- and long-range triplet components exist in
the system, quasiclassical Green’s functions gˆ are matrices
in the particle-hole and spin spaces with basis represented
by tensor products Xˆik = τˆi · σˆk , where the Pauli matrices τˆi
and σˆk (i ,k = 1,2,3) and the unit matrices τˆ0 and σˆ0 oper-
ate in the particle-hole and spin space, respectively (see also
Ref. [13]).
We study the case of diffusive conductors that corre-
sponds to most experimental structures. This implies that
the mean free path l is much shorter than the coherence
length ξT =
p
D/piT with the diffusion coefficientD = vFl/3,
the Fermi velocity vF and the temperature T . In the con-
sidered equilibrium case, it is sufficient to find the Green’s
functions in the Matsubara representation gˆ (ω). In the n or
F wire along the x-direction, these matrix functions obey
the generalized Usadel equation [13, 15, 49]
−∂x (gˆ∂x gˆ )+κ2ω[Xˆ30 , gˆ ]+ iκ2H [Xˆ33 , gˆ ]= 0, (1)
and the normalization condition gˆ · gˆ = 1, where
κ2ω = |ω|/D , κ2H = sgn(ω)|H|/D, and ω= (2n+1)piT is
the Matsubara frequency. The coefficient κH is not zero
only in the strong ferromagnet Fs with an exchange field H
(the N-type JJ). In case of the M-type JJ, the third term in
Eq. (1) should be dropped. [Note that the representation of
the matrix Green’s functions gˆ differs somewhat from those
gˆBVE used in Refs. [13, 16]. We employed the transformation
3suggested by Ivanov and Fominov [50] so that gˆ = Uˆ · gˆ ·Uˆ †
with Uˆ = (1/2)(1+ i Xˆ33) · (1− i Xˆ03).]
The boundary conditions can bewritten as (see Refs. [51,
52] and Eq. (4.7) in Ref. [53])
gˆ∂x gˆ |x=±L =±κb[gˆ , ΓˆGˆΓˆ]|x=±L , (2)
where κb = (σRb)−1 with the conductivity of the n wire σ
and the n-Fl or n-Fs interface resistance at ±L per unit
area Rb assumed to be equal for left and right banks. The
matrix transmission coefficient Γˆν (with ν=±L or R/L) de-
scribes the electron transmission with a spin-dependent
probability T↑,↓. If the filters let to pass only electrons with
spins aligned parallel to the z axis, then Γˆν =Tν+Uν Xˆ33 so
that the probability for an electron with spin up (down) to
pass into the n wire is T↑,↓ =Tν+ζνUν with ζν =+1 if the
filter passes only spin-up electrons, whereas ζν =−1 means
that the filter passes spin-down electrons only.
We assume that the coefficients T and U are normal-
ized, i.e., T 2+U 2 = 1. Therefore, the condition Tν = ζνUν
means that electrons with only one spin orientation are al-
lowed to pass through the filter. The form of the matrix Γˆ
with arbitrary axis of spin selection can be found by using
the rotation transformation Γˆβ = Rˆβ · Γˆ · Rˆ†β with the rotation
matrix Rˆβ, j = cos(β/2)+ i sin(β/2)Xˆ0 j , where the subindex j
denotes the axis of rotation and β is the angle of rotation. In
the N-type JJ the matrix Γˆν does not depend on spins, such
that Γˆν = 1.
Quasiclassical Green’s function matrices Gˆν in supercon-
ductors Sν in presence of an exchange field hν oriented
along the z axis [hν = (0,0,hν)] have the form (dropping ν
for brevity)
Gˆ = g+Xˆ30+ g−Xˆ33+ Fˆ . (3)
They contain the normal part (the first two terms) and the
anomalous (Gor’kov’s) part,
Fˆ = Xˆ10 f++ Xˆ13 f− , (4)
where f± = (1/2)[ f (ω+ ih)± f (ω− ih)] with
f (ω)=∆/
p
ω2+∆2. The functions g± are obtained from f±
using the orthogonality condition.
The first term in the expression for Fˆ , Eq. (4), represents
the singlet component and the second term describes the
triplet component with zero projection of the total spin of
a Cooper pair on the direction of the exchange field h. The
triplet component f− turns to zero at h = 0 and, as follows
from the Pauli principle, is an odd function of ω.
Presence of superconducting phase χ is introduced via a
gauge transformation Fˆχ = Sˆχ · Fˆ · Sˆ†χ, with the unitary ma-
trix Sˆχ = cos(χ/2)+ i Xˆ30 sin(χ/2). Moreover, with the help
of the rotation matrix Rˆβ, j one can find the matrix Fˆβ for an
arbitrary orientation of the exchange field h= {hi }.
In the following, we concentrate on the case when the ex-
change field h is perpendicular to the magnetization Ms in
the strong ferromagnet, i.e., h⊥Ms. In the general case, the
obtained results depend on the cosine of the angle between
these vectors. Thus, the Green’s function in the ν-th super-
conductor with the phase χν =±ϕ/2 and with the exchange
field lying in the (x, y) plane and setting up the angle α with
the x axis reads Gˆν = Rˆα,3Rˆ−pi/2,2SˆϕGˆ0Sˆ†ϕRˆ†−pi/2,2Rˆ
†
α,3.
Using thedeveloped formalismwewrite the Josephson IQ
and spin Isp currents through the interface ν=±L in the
form
IQ,ν =σe−12piiT
∑
ω
Tr{Xˆ30 · gˆ∂x gˆ }|ν (5)
Isp,ν =µBσe−22piiT
∑
ω
Tr{Xˆ03 · gˆ∂x gˆ }|ν (6)
where µB is the effective Bohr magneton and e—the ele-
mentary charge.
In order to calculate the Josephson current, one should
determine the condensate function fˆ in the normal wires,
which is a part of the full function gˆ = gˆn+ fˆ , where gˆn is
the normal Green’s function diagonal in the particle-hole
space. This can easily be done for the case of small Sm/Fl
(respectively Sm/Fs) interface transparencies, i.e., when the
interface resistance is much larger than the resistance of the
n film of the length ξT =
p
D/piT , which corresponds to the
inequality Rbσ/ξT ≫ 1.
The rather technical but straight forward solution of the
Usadel equation with boundary conditions in linearized
form (see Supplemental Material) yields, with account for
the formulas for the Josephson IQ and the spin Isp currents,
Eqs. (5) and (6), following expressions.
a) For the M-type JJ we find
IQ =−Icζ2 sin(ϕ+ζα) , (7)
Isp =−µBe−1Icζ2 sin(α+ζϕ) , (8)
The coefficient ζ ≡ (ζR+ ζL)/2 equals zero if the right
and left filters select Cooper pairs with opposite spin
orientations and equals±1 if both thefilters let to pass
Cooper pairs with the same spin directions parallel or
antiparallel to the z axis.
b) For the N-type JJ we obtain the expressions
IQ =−Ic sin(ϕ)cos(α) , (9)
Isp =−µBe−1Ic sin(α)cos(ϕ) , (10)
that do not contain ζ. Equations (9) and (10) show
that in this case the filters let the spin of the passing
current be both—parallel and antiparallel to the di-
rection of h with equal probability.
In equations (7)–(10) the critical current Ic equals
Ic =λI0, where λ=−
∑
ω f
2
− (ω)κ
−1
ω exp(−2Lκω)∑
ω f
2(ω)κ−1ω exp(−2Lκω)
with f−(ω)
and f (ω) defined in Eq. (4), and I0 is the critical current in a
usual S/n/S Josephson junction.
Equations (7)–(10) represent the main results of this Pa-
per. Note that at α= 0, the Josephson current in both
4cases has opposite sign as compared to IQ in a usual
S/n/S JJ, because the amplitude of the triplet compo-
nent f−(ω)= iℑ f (ω+ ih) is a purely imaginary quantity
and, therefore, IQ ∼ I0
∑
ω f
2
− is negative. Furthermore, there
is an essential difference between theM- and N-types of the
junctions.
Provided the filters (magnetic insulators) let to pass elec-
trons with antiparallel directions of spins (ζ= 0) both cur-
rents vanish in the M-type JJ. On the contrary, in the N-type
JJ, the currents do not depend at all on the direction of the
exchange field H in strong ferromagnets, i.e., provided the
vectors H are parallel to the z axis, the LRTC Cooper pairs
with both spin orientations—parallel and antiparallel to the
z axis—propagate through the n wire (nematic filtering). If
α= 0, the Josephson current IQ does not depend on the di-
rection of filter axes (ζ> 0 or ζ< 0), whereas in the M-type
JJ, the spin current changes sign. Physically, this means that
Cooper pairs with the total spin either up or down move in
the JJ at positive or negative ζ and this kind of spin-active
interface can be used as a complete filter for triplet Cooper
pairs. In the N-type JJ, the spin current vanishes at α= 0
meaning that, regardless of the direction ofH, Cooper pairs
with spin up and spin down move in the n wire with equal
probability and therefore a layer of strong ferromagnet can-
not serve as a filter for only one spin direction of triplet
Cooper pairs and we classify this process as incomplete fil-
tering. The discussed difference is summarized in the lower
parts of corresponding Figs. 1 (a) and (b) and supporting
technical details are provided in the SupplementalMaterial.
One can say that a current carrying M-type JJ is anal-
ogous to the A-phase of superfluid 3He (triplet pairs with
a nonzero magnetic moment), whereas a current carrying
N-type JJ resembles the B-phase of 3He (triplet pairs with
zeromoment) [1, 2, 7].
Equations (7)–(10) manifest a duality between the phase
of the superconducting OP ϕ and the angle α between the
magnetization vectors in Sm—the expression for the cur-
rent IQ is converted into the expression for the spin cur-
rent Isp upon replacement ϕ↔α and e↔µB. This dual-
ity allows for prediction of Josephson-like effects in purely
magnetic systems [54–59]. Presence of a non-zero Joseph-
son current in the M-type JJs at α 6= 0 and in absence of a
phase difference (spontaneous current) means that we deal
with the so-called ϕ-contact. These types of JJs may have
different mechanisms and have been discussed in several
papers [60–62].
The different dependence of the charge and spin cur-
rents, IQ,sp , on the phase difference ϕ and the angle α can
be verified experimentally. As follows from Eqs. (7)–(10), a
spontaneous current may arise at zero phase difference if
the angle α is not zero. This current can be measured as it
was done in the experiment by Bauer et al. [63] on an S/F/S
junction. In this experiment, superconductors S were con-
nected by a superconducting loop. If the S/F/S junction
was in the pi-state (or in the φ-state with φ 6= 0), a circulat-
ing current arose in the loop. By measuring the circulat-
ing current one can establish the dependence of the cur-
rents IQ,sp on ϕ and α. The phase difference ϕ can be var-
ied by an external magnetic field Hext: ϕ/2pi=Φext/Φ+n,
where Φext = |Hext|W is the magnetic flux in the loop, W—
the square of the loop and n—an integer. Note that the di-
rect measuring of the spin current is a more difficult task
because this current is not conserved—it decays to zero in
the singlet superconductors.
Note that the formula for Josephson current IQ, Eq. (7),
looks similar to the second term in the corresponding equa-
tion [Eq. (8)] in thepaper byGrein et al. [64], where theprop-
agation of the LRTC in a strong ferromagnet with a large
Zeeman splitting of energy levels has been considered (see
also Ref. 65).
In conclusion, we have considered the dc Josephson ef-
fect in two different Sm/n/Sm Josephson junctions with a
coupling due to penetration of triplet Cooper pairs gener-
ated by two “magnetic” superconductors Sm from one su-
perconductor to the other. Calculating Josephson and spin
currentswe have found that the results are in disaccordwith
the “paradigm”of using ametallic ferromagnetic layer as the
filter for selecting one particular direction of spin projection
of triplet Cooper pairs. Actually, there is an essential differ-
ence in using this kind of filter as compared to a spin-active
interface filter, e.g., amagnetic insulatorwith a strongly spin
dependent transparency. In the former case, one obtains
the triplet Cooper pairs with the both directions of the to-
tal spin, which enables one selecting a certain orientation
of the total spin (“easy axis”) but not the direction—a ne-
matic phase, whereas in the latter case, one can really select
a preferred direction of the total spin (magnetic moment of
the Cooper pair), thus realizing a ferromagnetic phase of
the junction. Experimentally, these situations can be dis-
tinguished by performing measurements of Josephson cur-
rent.
In the nematic case, the Josephson current does not de-
pend on mutual orientations of magnetic moments in the
strong ferromagnets, while in the ferromagnetic case, it
turns to zero if orientations of the exchange fields in mag-
netic insulating filters are antiparallel to each other. The
considered effects in nematic-type of Josephson contacts
can be observed on setups used in the current experi-
ments like those presented in Refs. [32, 34, 35]. As regards
ferromagnetic-type Josephson contacts, one needs to mod-
ify the existing multilayered Josephson junctions by replac-
ing layers of strong ferromagnets with ferromagnetic tunnel
barriers. Such materials as DyN, GdN or CoFe2O4, NiFe2O4,
BiMnO3, NiMn2O4, CoCr2O4 and Sm0.75Sr0.25MnO3 [66]
may serve for this purpose. Spin polarization in some these
materials can reach 90–100%.
Moreover, accompanying spin currents can also be con-
trolled using the discovered duality between the latter and
the Josephson currents, thus leading to an intelligent imple-
mentation of related effects in promising spintronic devices
based on superconductors [42, 67].
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SUPPLEMENTALMATERIAL
Solution of theUsadel equation. In order to calculate the
Josephson current, one should determine the condensate
function fˆ in the normal wires, which is a part of the full
function gˆ = gˆn+ fˆ , where gˆn is the normal Green’s func-
tion diagonal in the particle-hole space. This can easily be
done for the case of small Sm/Fl (respectively Sm/Fs) in-
terface transparencies, i.e., when the interface resistance
is much larger than the resistance of the n film of the
length ξT =
p
D/piT , which corresponds to the inequality
Rbσ/ξT ≫ 1.
Considering this limit, we linearize Eqs. (1) and (2) with
respect to small condensate function fˆ taking into account
that, in the zeroth approximation, gˆ0 = sgn(ω)Xˆ30. The lin-
earized Usadel equation and the boundary conditions ac-
quire the form
−∂2xx fˆ +κ2ω fˆ + iκ2H (Xˆ03 · fˆ − Xˆ30 · fˆ · Xˆ33)= 0, (11)
∂x fˆ =±κb
(
ΓˆFˆχΓˆ
)
|x=±L , (12)
where Fˆχ(±L)= Sˆχ(±L) · [Xˆ12 cos(α/2)± Xˆ11 sin(α/2)] and α
is the angle between the vectors of the exchange fields hR
and hL (see Fig. 1 of the main text). Equation (11) can be
solved easily in a general case but for brevitywepresent here
a solution in the n wire for the case L≫ ξT when this solu-
tion is a sum of two exponentially decaying functions [68]
fˆLRTC = fˆR exp[−
p
2κω(L− x)]+ fˆL exp[−
p
2κω(L+ x)] , (13)
with amplitudes fˆL,R having different shapes depending on
the JJ type.
Considering the M-type JJ, we are interested only in the
case Tν =±Uν when the singlet component does not pen-
etrate through the filters. Indeed, calculating the prod-
uct Γˆν · Fˆν,χ · Γˆν = Sˆχ · Γˆν · Fˆν,χ · Γˆν · Sˆ†χ we find for the sin-
glet component Γˆν · Xˆ10 f+ · Γˆν∝ (T 2ν −U 2ν )=0 ifTν =±Uν,
while for the triplet component we have Γˆν · Xˆ13 f− · Γˆν 6= 0.
Here, we obtain
fˆR/L = κωκ−1b Sˆϕ(±L)
[
Xˆ||R/L cos(α/2)± sin(α/2)Xˆ⊥R/L
]
, (14)
where we defined the matrices Xˆ||R/L = Xˆ11−ζR/LXˆ22
and Xˆ⊥R/L = Xˆ12−ζR/LXˆ21. As is easily seen, thematrices Xˆ||
and Xˆ⊥ correspond, for ζR/L =+1, to propagators of the
form 〈cˆ↑cˆ↑(t)〉 and 〈cˆ↓cˆ↓(t)〉, respectively, i.e., they describe
the triplet pairs with spin up and spin down, and vice versa
for ζR/L =−1.
In the case of the N-type JJ, we solve Eq. (11) in the Fs film
using the boundary conditions Eq. (12) with Γˆ= 1 match-
ing the solution given by Eq. (13) in the n wire. Note that
there is no difference between the n and the F wire for the
LRTC component because it contains the matrices Xˆ12,21
or Xˆ11,22 which commute with the matrix Xˆ33 in Eq. (11)
turning the third term to zero. The singlet (Xˆ10) and short
range triplet (Xˆ13) components decay fast in the Fs film over
the length ξH =κ−1H and do not penetrate into the n wire.
For amplitudes of the LRTC we obtain
fˆR/L =κωκ−1b Sˆϕ(±L)
[
Xˆ11R/L cos(α/2)± sin(α/2)Xˆ12R/L
]
,
(15)
and it is easily seen that, in contrast to previous case,
in this junction we obtain a mixture of triplet Cooper
pairs with both orientations of the total spin, since
Xˆ11,12∝〈cˆ↑cˆ↑(t)〉+〈cˆ↓cˆ↓(t)〉.
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